The toxicity of tributyltin chloride (TBT) involves Ca 2+ overload, cytoskeletal damage, and mitochondrial failure leading to cell death by apoptosis or necrosis. Here, we examined whether the intracellular ATP level modulates the mode of cell death after exposure to TBT. When Jurkat cells were energized by the mitochondrial substrate, pyruvate, low concentrations of TBT (1-2 µM) triggered an immediate depletion of intracellular ATP followed by necrotic death. When ATP levels were maintained by the addition of glucose, the mode of cell death was typically apoptotic. Glycolytic ATP production was required for apoptosis at two distinct steps. First, maintenance of adequate ATP levels accelerated the decrease of mitochondrial membrane potential, and the release of the intermembrane proteins adenylate kinase and cytochrome c from mitochondria. A possible role of the adenine nucleotide exchanger in this first ATPdependent step is suggested by experiments performed with the specific inhibitor, bongkrekic acid. This substance delayed cytochrome c release in a manner similar to that caused by ATP depletion. Second, caspase activation following cytochrome c release was only observed in ATPcontaining cells. Bcl-2 had only a minor effect on TBT-triggered caspase activation or cell death. We conclude that intracellular ATP concentrations control the mode of cell death in TBTtreated Jurkat cells at both the mitochondrial and caspase activation levels.
Introduction
Organotin compounds, particularly tributyltin (TBT), 1 have been widely used as biocides and are now recognized environmental hazards (1, 2) . For instance, high levels of trialkylated organotin compounds have been detected in aquatic organisms as a consequence of intense use of TBT-containing antifoulant paint for ships (3) (4) (5) . Several in vivo studies have shown that TBT targets the mammalian immune system, hereby causing thymic atrophy and immunosuppression (6) (7) (8) (9) . In vitro, TBT induces apoptosis of rat thymocytes or human lymphoma cells (10, 11) .
Despite its high cytotoxic potency, TBT exhibits a relatively low chemical reactivity, e.g., toward isolated protein thiols (12) . A defined molecular target for TBT is still unknown, although a large variety of mechanisms have been suggested to account for its cytotoxicity. One of the initial events observed after exposure to TBT seems to be an increase in the level of intracellular free Ca 2+ , which may be involved in triggering or aggravating mitochondrial damage, inhibition in protein synthesis, and oxygen radical production (13) (14) (15) (16) . The best characterized targets of TBT with respect to disturbance of energy metabolism are the mitochondria, whereas glycolytic enzymes have been found to be little affected (17) . Inhibition of mitochondrial ATP synthesis by TBT has been suggested to occur via two different mechanisms: (i) exchange of halide for hydroxyl ions across the inner mitochondrial membrane and induction of matrix swelling (18) and (ii) binding to a component of the mitochondrial F 0 F 1 -ATP synthase, producing an oligomycin-like effect (19) . In Jurkat cells, TBT depletes the mitochondrial membrane potential and triggers apoptosis at low concentrations, or necrosis at high concentrations (20) .
However, the reasons for this switch in the mode of cell death have remained unknown. A switch from apoptosis to necrosis, or the simultaneous occurrence of both types of cell death within the same tissue, is frequently encountered in toxic or pathological lesions (for a review, see ref 21) . Possibly, apoptosis and necrosis involve similar initial signaling steps (22, 23) . Prevention of a default apoptotic program by oxidative (24) or nitrosative (25) stress, by caspase inhibitors (26) , or by metabolic situations precluding caspase activation (27, 28) may then result in necrosis. One metabolic parameter that has been shown to determine the mode of cell death is the intracellular ATP concentration (29, 30) .
TBT is a typical example of a xenobiotic mitochondrial toxin which can both trigger a cell death program and inhibit mitochondrial ATP production. Therefore, the availability of substrates for glycolytic ATP production in the cell may determine whether a given TBT concentration triggers apoptosis or necrosis. Here, we investigated whether TBT induced indeed different modes of cell death when ATP was provided by glycolysis and/or oxidative phosphorylation. In addition, we determined steps of the apoptotic program at which energy-requiring reactions are necessary for TBT-triggered apoptosis to proceed.
Materials and Methods
Cell Cultures. Jurkat T cells were grown in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS). Before all experiments, cells were washed and resuspended in serumfree medium without glucose containing 2 mM pyruvate to sustain ATP synthesis by oxidative phosphorylation (PNG medium). After adaptation to this medium for 60 min, cells were exposed to 0 or 2.5 µM oligomycin for a further 45 min in the same medium as described previously (29) and then challenged by addition of TBT. Where indicated, PNG medium was supplemented with 10 mM glucose.
Clones of Jurkat cells (31) transfected with Bcl-2 or control vector (neo) were generously provided by S. Korsmeyer (Dana Farber Cancer Institute, Boston, MA). Expression of Bcl-2 was controlled by Western blot using a monoclonal antibody (clone N-19) from Santa Cruz Biotechnology (Santa Cruz, CA). The expression level was g50 times greater than the control. Cells such as wild-type Jurkat cells were used for experiments.
Determination of the Type of Cell Death. Cultures were stained with a mixture of chromatin dyes as described previously (29, 32) . Briefly, cells were incubated with the membrane permeant dye H-33342 (500 ng/mL) and the membrane impermeant dye SYTOX (500 nM) (Molecular Probes, Eugene, OR). Stained cells were examined with a fluoresence microscope (Leica DM-IRB). Necrotic cells (damaged plasma membrane and noncondensed nuclei) and apoptotic cells (condensed or fragmented nuclei) were scored. ATP Measurements. Cells (2 × 10 5 ) were harvested and lysed with a somatic ATP-releasing reagent (Sigma, Deisenhofen, Germany). ATP concentrations in the lysates were determined in a luminometric assay using the ATP dependency of the light-emitting luciferase-catalyzed oxidation of luciferin (Boehringer Mannheim, Mannheim, Germany) (29) . The values were calibrated against an ATP standard curve. The ATP content of control cells in PNG medium (1.6 nmol/mg of protein) was defined as 100%.
Release of Mitochondrial Proteins. Cytosolic fractions from Jurkat cells were isolated by a quick cell lysis method with digitonin (33) . While the mixture was being vortexed, lysis buffer [9.4 µg of digitonin/10 6 cells and 500 mM sucrose in PBS (2 mM NaH2PO4, 16 mM Na2HPO4, and 150 mM NaCl)] was quickly added to the cell suspension (4 × 10 6 cells in PBS). Heavy organelles and cell debris were pelleted for 60 s at 14000g and 4°C.
The supernatant (cytosolic fraction) was analyzed for cytochrome c by SDS-PAGE and immunoblotting (Pharmingen), or adenylate kinase (ADK) activity by spectrophotometric analysis as described by Bergmeyer (34) . The concentration of NADH in the reaction mixture [20 µL cytosolic fraction in 100 mM triethanolamine (pH 7.6), 10 mM EDTA, 16 mM MgSO4, 150 mM KCl, 500 µM NADH, 1 mM ATP, 500 µM phosphoenolpyruvate, 1.5 mM adenosine monophosphate, 5 µM rotenone, 5 µM oligomycin, 250 units/mL pyruvate kinase, and 250 units/mL lactate dehydrogenase] was monitored for 20 min. Activity in lysates after treatment with Triton-X 100 was defined as 100%.
Caspase Activity. Caspase activity was determined as the ability of cytosolic extracts to cleave the DEVD-afc (35) . Cleavage by the cytosolic extracts (constant cell number, approximately 10 µg of total protein) was followed in reaction buffer [50 Mitochondrial Potential. The mitochondrial membrane potential (∆Ψ) was measured using three independent methods (27, 28) . (i) Jurkat cells were incubated as described above, aliquots withdrawn at established time points, and cells resuspended in medium containing 5 nM tetramethylrhodamine ethyl ester (TMRE, Molecular Probes) and analyzed by FACS (FACScalibur, Becton Dickinson, Heidelberg, Germany) using 488 nm excitation and 590 nm emission filters essentially as described previously (36) . Calibration of the instrument was carried out using the LinearFlow Orange kit (Molecular Probes). Data were elaborated using Cell Quest software (Becton Dickinson). (ii) We used a sensitive fluorimetric method developed initially to follow small or transient ∆Ψ or shape changes in a cell suspension over time (28, 37) . Briefly, 7.5 × 10 5 cells/mL were suspended in a fluorimeter cuvette in PNG medium without phenol red, and supplemented with 20 nM TMRE. TMRE accumulates in mitochondria as a direct function of ∆Ψ. Under these loading conditions, the high TMRE concentration reached in the mitochondria causes fluorescence quenching. Reduction of ∆Ψ leads to the loss of TMRE from mitochondria and consequently unquenching, which is reflected by an increase in the overall fluorescence (λex ) 568 nm, λem g 590 nm). In contrast, hyperpolarization enhances mitochondrial accumulation of TMRE and causes further fluorescence quenching. For up to 3 h, control cells did not display a loss of ∆Ψ or decreased viability. The mitochondrial uncoupler FCCP (5 µM) was used at the end of each experiment to determine the polarization/ depolarization state of the mitochondria. All experiments were performed at least three times, and representative traces are shown. (iii) Aliquots of cells were stained with 5 nM TMRE and positioned on a coverslip-bottomed cell culture dish. The images were obtained using a confocal microscope (Leica TCS 4D, Leica, Heidelberg, Germany) with the same instrument settings for each experiment and fluorescence filters as described for the unquenching method. Cells exhibiting either a normal (high fluorescence) or low (FCCP-like; low fluorescence) membrane potential were then imaged (28) . Each experiment was repeated at least 10 times, and representative images were selected.
Cytochrome c Staining. The cytochrome c distribution was examined by immunocytochemistry (33) . Briefly, Jurkat cells were prelabeled for 60 min with the mitochondria-specific aldehyde-fixable dye Mitotracker Red (20 nM, Molecular Probes) before treatment with TBT. At different time points after the treatment, cells were fixed in paraformaldehyde (4%), washed twice in PBS, and permeabilized in PBS, supplemented with 0.1% Triton X-100 for 10 min. An anti-cytochrome c antibody (clone 6H2.B4, Pharmingen, Hamburg, Germany) was used as the primary antibody and an Alexa 488-conjugated (Molecular Probes) secondary antibody for detection purposes. The dye H-33342 was used as nuclear counterstain. Images of the stained cells were obtained using a confocal microscope (Leica TCS 4D).
Results
Effects of TBT on the Intracellular ATP Level in Jurkat Cells. Low TBT concentrations (1-2 µM) trigger apoptosis in Jurkat cells within 1-2 h in complete cell culture medium (20) . We first examined how TBT modified intracellular ATP levels under different metabolic conditions. Using different incubation media containing either glucose and the ATP synthase inhibitor oligomycin, or pyruvate and glucose, or pyruvate alone (PNG medium), it was possible to select conditions where ATP was generated by glycolysis, by glycolysis and oxidative phosphorylation, or by oxidative phosphorylation alone. The ATP level of unstimulated cells was not significantly different under the different culture conditions (29) . However, after exposure to TBT (2 µM), cells incubated in the absence of glucose lost g80% of their ATP within 15 min. Essentially, similar kinetics of ATP loss were observed with concentrations as low as 0.5 µM (not shown). Glycolysis did not seem to be affected by TBT in Jurkat cells, since ATP levels were maintained over 1 h in the presence of glucose, regardless of whether oligomycin was present ( Figure 1A ).
We further investigated the sensitivity of glycolytic ATP production to TBT by exposing Jurkat cells to a high concentration of TBT (10 µM), known to trigger necrosis instead of apoptosis (20) . Even under such conditions, glycolytic ATP production was maintained for g60 min ( Figure 1B) , i.e., until the cells began to show signs of death.
Conversion of TBT-Induced Apoptosis to Necrosis in ATP-Depleted Cells. TBT concentrations of 0.5-2 µM consistently elicited apoptosis in Jurkat cells maintained in PNG medium and glucose, i.e., under conditions when intracellular ATP concentrations were maintained ( Figures 1A and 2A) . The mitochondrial ATP synthase inhibitor oligomycin affected neither apoptosis ( Figure 2A ) nor cellular ATP levels ( Figure 1A ) in glucose-containing medium. Thus, mitochondrial ATP production was required for neither maintenance of ATP levels nor apoptosis in this experimental setup.
Conversely, TBT-triggered apoptosis was entirely prevented in the absence of glycolytic ATP production (culture in PNG medium). Under these conditions, addition of TBT itself was sufficient to shut down the mitochondrial ATP production, thereby precluding completion of the apoptotic process. In addition, TBT-triggered apoptosis was entirely prevented in cells that were predepleted of ATP before exposure to TBT by incubation in medium containing pyruvate and oligomycin as the only energy source. Detailed analysis of the mode of cell death over an extended time period (250 min) revealed that TBT triggered delayed necrosis in those cells that had been rescued from apoptosis by ATP depletion ( Figure 2B ). Cells depleted of their ATP to the same extent, but not challenged with TBT, retained their viability throughout the experimental period (29) .
Changes in the Mitochondrial Membrane Potential. An early loss of mitochondrial membrane potential (∆Ψ) is typical of TBT-induced apoptosis. We examined whether ATP depletion had an effect on this early feature of TBT-induced cytotoxicity. Jurkat cells were stained with the ∆Ψ-sensitive dye TMRE and imaged by confocal microscopy. After exposure to TBT for only 10 min (1 µM), cells in glucose-containing medium lost fluorescence, i.e., ∆Ψ. After 45 min, >75% of the cells had lost their ∆Ψ ( Figure 3A) . In contrast, the mitochondria of cells in glucose-free medium retained their ∆Ψ at 10 min, and >60% of the cells were still fluorescent after 45 min. Further, Jurkat cells treated with BA had hyperfluorescent mitochondria at 10 min and were significantly protected at 45 min ( Figure 3A) . To obtain an independent set of quantitative data, the number of cells exhibiting collapsed ∆Ψ was also analyzed by FACS. At late time points (90 min), cells incubated in any medium had largely lost their ∆Ψ. However, at early time points, ATPdepleted cells were significantly protected from TBTtriggered loss of ∆Ψ ( Figure 3B ).
As a complementary approach to FACS analysis, we used a "fluorescence unquenching" technique. Cells were loaded in a fluorimeter cuvette with a high TMRE concentration, leading to fluorescence quenching within mitochondria. Thus, the loss of ∆Ψ results in TMRE release from mitochondria and increased fluorescence in the cuvette (37) . Addition of TBT to cells in glucosecontaining medium led to an immediate increase in TMRE fluorescence, followed by a phase of a more gradual increase to the level of complete depolarization (no further increase after addition of FCCP). In cells incubated in glucose-free medium, a primary increase in fluorescence was followed by a stabilization phase, and after 1 h, a partial ∆Ψ was still maintained (TMRE fluorescence was significantly increased by subsequent FCCP addition) ( Figure 4A) .
Mitochondrial Swelling and Distribution of Cytochrome c. The initial changes in the mitochondria of TBT-treated Jurkat cells were also reflected by the pattern of distribution of cytochrome c in the cells, as detected by immunofluorescence. Exposure of cells to TBT in the presence of glucose for only 10 min triggered mitochondrial rounding and swelling, as shown by the ring-shaped pattern of cytochrome c staining. Although the release of cytochrome c into the cytosol had already occurred at that time, a considerable amount of immunoreactive cytochrome c seemed to still be localized on the mitochondrial membranes ( Figure 4B ). The ringshaped structures formed by cytochrome c colocalized with the mitochondrial marker Mitotracker Red (data not shown). The cytochrome c pattern exhibited in cells incubated in the absence of glucose indicated some swelling of mitochondria, but there was neither a release of cytochrome c into the cytosol nor the ballooning, circular structures seen in the presence of glucose. At later time points, g60 min, cytochrome c was shown to be detached completely from mitochondria, independently of the presence of glucose ( Figure 4B) .
The Rapid Release of Mitochondrial Proteins Requires ATP. An early step in the apoptotic program is the release of proapoptotic proteins from the mitochondrial intermembrane space, such as AIF (38) or cytochrome c (39) . This is accompanied by the release of other proteins primarily located within the same subcellular compartment, such as adenylate kinase (ADK) (33) . We followed the loss of ADK as an easily quantifiable indicator for the loss of the barrier function of the outer mitochondrial membrane. TBT triggered a release of ADK within 10 min, when glucose was present in the incubation medium. Under conditions of ATP depletion, however, the activity of ADK in the cytosol did not increase until the sample had been incubated for 60 min ( Figure 5A ). Similar findings were obtained when the release of cytochrome c from mitochondria into the cytosol was examined. In cells that are able to maintain their initial ATP level, cytochrome c was translocated within minutes of exposure to TBT, while an extended delay was observed under conditions of ATP depletion ( Figure 5B) .
Modification of TBT-Induced Cell Death by Bongkrekic Acid. The adenine nucleotide translocator (ANT) is one of the key mitochondrial proteins involved in permeability transition and, possibly, in changes leading to the release of mitochondrial proteins. Accordingly, we tested whether bongkrekic acid (BA), a cell permeable inhibitor of ANT, would reproduce the effects of ATP depletion on cytochrome c release and apoptosis. Jurkat cells were exposed to TBT in PNG medium supplemented with glucose. Under these conditions, pretreatment with BA resulted in almost complete prevention of apoptosis during the first 150 min. After this time, the level of apoptosis in unprotected cells had reached a maximum ( Figure 6A ). This initial protection was associated with a delayed cytochrome c release, similar in extent to the one observed in ATP-depleted cells ( Figure 6B ; compare to Figure 5 ). When the extent of cell death was examined after extended times (stimulation for more than 3 h), BA-treated cells also died eventually by apoptosis. A switch to necrosis was not observed.
Bcl-2 is an antiapoptotic protein with a mitochondrial site of action. To compare the effects of BA with those of Bcl-2, we used Jurkat cells overexpressing Bcl-2. At TBT concentrations of g1 µM, Bcl-2 had no significant effect on the kinetics and extent of apoptosis. The same lack of protection was noted for Bcl-x L overexpressing cells (not shown). Only at lower TBT concentrations (0.5 µM) did Bcl-2 significantly (p < 0.01) slow apoptosis (15 ( 5 and 31 ( 4% apoptosis after 180 and 240 min in Bcl-2 cells, respectively, vs 50 ( 1 and 68 ( 7% after 180 and 240 min in vector control cells, respectively).
Prevention of Caspase Activation in ATP-Depleted Cells. The activation of DEVD-afc cleaving caspases seems to determine the morphology of apoptotic cells (40) . One of the key events in their activation seems to be the formation of an ATP-dependent apoptosome complex (39). Since we observed that the intracellular ATP level affected the shape, mode, and morphology of TBTtriggered cell death, we examined whether this was associated with differential caspase activation. In fact, pronounced and rapid stimulation of DEVD-afc cleavage ( Figure 7A ) and processing of procaspase-3 ( Figure 7B ) to the active protease were observed in cells exposed to TBT in PNG medium supplemented with glucose. In contrast, there was no caspase activation under ATPdepleting conditions in pure PNG medium, even though cytochrome c had been fully released after 60 min ( Figure  5B) .
In cultures treated with BA in the presence of glucose, intracellular ATP was maintained at a level of 88 ( 7% after 60 min and 68 ( 4% after 120 min, and then slowly dropped. Consistent with the relatively high intracellular ATP concentrations and the release of cytochrome c to the cytoplasm, caspases were activated in BA-treated cells starting 120 min after exposure to TBT (Figure 7) . In Bcl-2-expressing cells, caspase activation was delayed in a manner similar to that after BA treatment for about 90 min when 0.5 µM TBT was used. No Bcl-2 effect was seen with TBT concentrations of >1 µM (data not shown).
Discussion
Toxicants, such as TBT, may trigger apoptosis or necrosis in various cell types. It is now well established that the dose of the toxin, or the intensity of the insult, may determine the manner in which a cell dies. For instance, high concentrations of a redox-active compound (24), of mitochondrial toxins (41), or of NO donors (42) may trigger necrosis, while low concentrations of the same agents cause apoptosis. A similar correlation has been found with TBT (20) . Despite this knowledge, it has remained unclear which parameters are responsible for determining that the same concentration of a chemical may trigger either apoptosis or necrosis in the same cell type. Thus, the intracellular determinants involved in the molecular switch between these two modes of cell death still await elucidation.
One experimental method for provoking a switch from apoptosis to necrosis is the pharmacological inhibition of caspases (26) . Another established experimental protocol uses mitochondrial inhibitors that deplete ATP and, thereby, prevent the activation of caspases downstream of the Apaf-1-cytochromec c-dATP apoptosome complex (29, 30, 43) . Here, we show that the same TBT concentration can trigger either apoptosis or necrosis in Jurkat T cells depending on the ability of the cells to generate ATP from different energy substrates. This suggests that intracellular ATP, and the relative importance of different ATP-supplying pathways, may be among the intracellular determinants responsible for the mode of cellular demise triggered by chemicals.
We have established at least two different ATPrequiring steps in TBT-treated Jurkat cells at which ATP depletion appeared to retard, or stop, the execution of the apoptotic program and to direct cells toward delayed necrosis. The first step involved the release of cytochrome c from mitochondria. Release of this protein into the cytosol is essential for apoptosome formation and for Apaf-1-caspase-9-mediated apoptosis (44) . Under conditions of ATP depletion in TBT-treated cells, the appearance of cytochrome c in the cytoplasm was substantially delayed. This retardation was paralleled by a similarly delayed release of ADK, and the release of cytochrome c also reflected a delayed loss of ∆Ψ, and decreased swelling of the mitochondria. The delayed cytochrome c translocation to the cytosol did not prevent death, but cells died later by necrosis.
A second step was also affected by ATP depletion. DEVD-afc-cleaving caspases were only activated in cells grown in glucose-containing medium, i.e., when the ATP level was not depleted. Since DEVD-afc-cleaving caspases, such as caspase-3, play an essential role in TBTinduced apoptosis (45, 51) , and seem to be essential for determining the apoptotic morphology in general (40) , the observed prevention of their activation may alone be sufficient to prevent apoptosis.
The results of this investigation demonstrate that TBT completely and selectively inhibits the production of ATP in the mitochondria of Jurkat cells, while glycolysis is little affected during the first 70-90 min after exposure to the compound. Thus, TBT does not necessarily deplete cells of ATP, provided that they are supplied with glucose and have a high glycolytic capacity. On the other hand, TBT is an efficient ATP-depleting agent in cells with low glycolytic capacity, or in cells mainly energized by mitochondrial substrates such as ketone bodies. For example, in HEL-30 murine epidermal cells, TBT may also deplete ATP within minutes in the presence of glucose (14) . These observations are in line with earlier studies with isolated mitochondria showing that trialkyltin compounds decrease the rate of mitochondrial uptake of NAD + -linked substrates, such as pyruvate, malate, citrate, and -hydroxybutyrate (46) , and that TBT inhibits the oligomycinsensitive F1-ATP synthase (19, 47) . A selective targeting of mitochondria by TBT is furthermore suggested by studies of gene regulation, relevant to the skin irritant properties of low TBT concentrations. Here, TBT seems to trigger a series of events involving mitochondrial production of reactive oxygen species, activation of the transcription factor NF-kB, and subsequent cytokine production (13) .
The severe loss of cellular ATP seems to be sufficient to switch apoptosis to necrosis in TBT-challenged cells, although ATP depletion is not a prerequisite for this switch. For instance, cells exposed to high TBT concentrations (10 µM) in glucose-containing medium died by necrosis, although they maintained their ATP level for at least 60 min (cf. Figure 1B) . Here, other factors may interfere with the termination of the apoptotic program. For instance, caspases may be inhibited by oxidative stress (48) , by direct binding of chemicals to essential thiol groups (49) , or by increased ion influx under necrotic conditions, which precludes caspase activation (50) . In such cases, the loss of ion homeostasis or the caspaseindependent consequences of mitochondrial failure may eventually lead to cell death.
Although organotin compounds themselves are very poorly reactive with monothiols, they bind rapidly to vicinal dithiols (51) . In line with this, they have been shown to inactivate caspases at concentrations of around 10 µM (i.e., the concentrations triggering necrosis) in a manner similar to that of the archetypical vicinal dithiol reactive compound phenylarsine oxide (51) . This suggests one possible mechanism by which high TBT concentrations may prevent apoptosis and switch cell death to necrosis in the presence of high intracellular ATP concentrations. In addition, it may be speculated that TBT itself may interact with the ANT and trigger the mitochondrial permeability transition, since the ANT is controlled by a critical pair of vicinal thiols (52) .
The ANT has been recently suggested to play a central role in apoptosis for the opening of the mitochondrial megachannels, for mitochondrial swelling, and for the induction of apoptosis (53) (54) (55) . In addition to its carrier function for adenine nucleotides, the ANT may be involved in the formation of pores in the inner mitochondrial membrane, and this structural function seems to be favored by the conformation fixed by atractyloside, and precluded in the conformation fixed by BA (53, 54) . It is possible that the membrane orientation, structure, or reorganization of ANT is also affected by cellular ATP depletion. In fact, addition of BA delayed the loss of ∆Ψ as well as the release of cytochrome c from mitochondria in a manner similar to that seen in cells under conditions limiting cellular ATP synthesis. This supports the proposed involvement of ANT-dependent events, such as the mitochondrial permeability transition, in TBT-induced apoptosis in Jurkat cells, and provides some preliminary evidence for a potential role of ANT in mediating cellular effects of ATP depletion.
Interestingly, BA prevented cytochrome c release, the activation of caspases, and the induction of apoptosis only transiently. This suggests that prolonged exposure to TBT induces mitochondrial damage also when the ANT is inhibited, and fixed in a conformation that is unfavorable for pore formation. Other events, such as the cytochrome c-independent release of mitochondrial apoptosis-inducing factor (AIF) (56) or increased free intracellular Ca 2+ concentrations (13) may trigger mitochondrial outer membrane permeabilization and further apoptotic events. In some cells, mitochondria may be affected downstream of the TBT-induced disturbance of Ca 2+ homeostasis (13, 16) . This suggests that even when mitochondria are stabilized, TBT may eventually exert its toxicity by mechanisms directly triggered by elevated intracellular Ca 2+ levels (15) .
Notably, the protection by Bcl-2 family proteins was as transient as that by BA. In fact, the delay of caspase activation and the delay of apoptosis were significantly more robust and more pronounced with BA than with Bcl-2. This suggests that TBT-induced apoptosis is, at least in part, independent of the control by Bcl-2 and similar antiapoptotic proteins. It appears to resemble type I CD95-mediated apoptosis observed in several lymphoma cells (31) or the cell death observed in transplanted dopaminergic neurons (57) .
In summary, we have shown here that TBT targets the mitochondria in Jurkat T cells within 1-2 min of addition. When glycolytic ATP production was maintained, severe mitochondrial swelling was evident within less than 10 min. Subsequently, the mitochondria seemed to go through a transition state, where some cytochrome c was still loosely attached to the outside of mitochondrial structures, although the outer mitochondrial membrane was permeable to proteins, as evidenced by the release of adenylate kinase. Subsequently, cytochrome c was distributed throughout the cytoplasm and caspases were activated. In contrast, under conditions of ATP depletion triggered by TBT itself in the absence of glycolytic substrates, the mitochondrial release of proteins and the loss of the mitochondrial membrane potential were delayed. More important, caspase activation and apoptosis were completely blocked and cell death occurred by necrosis. Thus, the availability of glycolytic ATP seems to largely determine the overall mode and mechanisms of TBT-triggered cell death in Jurkat T cells.
